Nitrogen enrichment is widely thought to be responsible for the loss of plant species from temperate terrestrial ecosystems. This view is based on field surveys and controlled experiments showing that species richness correlates negatively with high productivity 1,2 and nitrogen enrichment 3 . However, as the type of nutrient limitation has never been examined on a large geographical scale the causality of these relationships is uncertain. We investigated species richness in herbaceous terrestrial ecosystems, sampled along a transect through temperate Eurasia that represented a gradient of declining levels of atmospheric nitrogen deposition-from , 50 kg ha 21 yr 21 in western Europe to natural background values of less than 5 kg ha 21 yr 21 in Siberia 4 . Here we show that many more endangered plant species persist under phosphorus-limited than under nitrogen-limited conditions, and we conclude that enhanced phosphorus is more likely to be the cause of species loss than nitrogen enrichment. Our results highlight the need for a better understanding of the mechanisms of phosphorus enrichment, and for a stronger focus on conservation management to reduce phosphorus availability.
Alterations to the environment by humans have reduced the plant species diversity in many ecosystems, and in some cases these reductions have affected ecosystem functioning 5 . To counteract this loss of diversity, there is an urgent need to uncover the underlying mechanisms responsible. Studies of diversity-productivity patterns in Canadian and European terrestrial wetlands suggest that increased productivity is a major factor influencing species extinction 1,2 . According to Grime's 'hump-backed' model, there is a critical level of productivity at which species richness reaches a peak, and above which it declines rapidly because all but a few fast-growing, tall species are unsuccessful in competing for light 6 . Low or moderate nutrient availability has been thought to be a mechanism that reduces the competitive advantage of fast-growing, tall species relative to smaller ones 7 . Aquatic freshwater ecosystems are generally thought to be P-limited 8 ; although in freshwater lakes, species may also be lost due to nitrate enrichment 9 . In contrast, most terrestrial ecosystems of the temperate zone are considered to be N-limited 10, 11 ; therefore, N-enrichment is seen as a major cause of plant species loss in temperate grasslands 3 and forests 11 . Although productivity only increases with increasing availability of the limiting resource 12 , the type of nutrient limitation has never been examined for a large number of sites.
Here we provide evidence that P-rather than N-enrichment is more important in the loss of plant species from some ecosystems. We investigated the plant species composition of 274 sites with herbaceous vegetation, ranging from terrestrial freshwater wetlands (fens, bogs and fluvial marshes) to moist grasslands. The sites-all in temperate Eurasia (51-578 N)-were scattered along a west-east transect from the Netherlands/Belgium (58 E) through eastern Poland (238 E) to western Siberia (858 E). This transect also represents a gradient of declining levels of atmospheric nitrogen deposition, from high in the 14, 15 . As already indicated, if species loss is the result of increased productivity, then we would expect the endangered species in our samples to occur mainly at sites of low productivity. In addition, if the main cause of higher productivity is enhanced N deposition, then we can expect two further patterns to emerge. In western Europe we expect endangered species to be restricted to P-limited ecosystems. This is because N-enrichment will have transformed formerly unproductive, N-limited ecosystems into either highly productive ecosystems or low-productive P-limited ecosystems. In Poland and Siberia (where N-deposition is low) we expect endangered species to occur at sites of low productivity, irrespective of the type of nutrient limitation.
Two well established relationships are confirmed from our data. Firstly, the species richness-productivity relationships show the classical hump pattern 1, 2, 6 , with highest species richness at productivities of 200-600 g m 22 (Fig. 1a) . Secondly, the sites with intermediate tissue N:P ratios (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) are on average the most species rich 16 ( Fig. 1b) . Examining the patterns of endangered species shows that some aspects of our results seem to support the above mentioned expectations: (1) endangered plant species only occur at low-productivity sites (biomass ,,600 g m 22 ; Fig. 1c ), (2) in the Netherlands/Belgium 70% of the endangered species occur at P-limited sites (Fig. 2a) , and (3) in Poland and Siberia many endangered species are indifferent to the type of nutrient limitation (Fig. 2a) . However, other findings are inconsistent with the initial hypotheses. For example, in Poland and Siberia endangered species are more frequent in P-limited sites than in N-limited sites (Fig. 2a) , and in Poland this cannot be because P-limited sites are more frequent (P , 0.05, Fig. 2 ). Even more unexpectedly, most of the low-productivity sites in the Netherlands/Belgium are limited not by P but by N (Fig. 2b) . Furthermore, maximum numbers of endangered species are higher under conditions of P-than N-limitation (indicated by the height of the red and blue 'peaks' in Fig. 1d , with the peak of the regression being at N:P ratio 21). Moreover, the percentage of endangered species in the vegetation clearly increases with increasing P-limitation (Fig. 1f) . Hence, endangered plant species appear better able to persist in P-limited sites than in sites with other types of nutrient limitation.
Three different mechanisms may explain the observed pattern: (1) there is a wider variation in adaptations to low P-availability (for example, phosphatase exudation, soil acidification, cluster roots or mycorrhiza) than to low N-availability (for example, symbiotic N 2 -fixation or organic N-uptake). This may have resulted in a larger pool of species adapted to low P-availability; (2) low productive systems that used to be N-limited have become P-limited because of N-enrichment; or (3) human impact has impaired P-limited ecosystems more strongly than N-limited ecosystems, leading to a larger loss of species adapted to low P-availability.
The first explanation is unlikely because if species pools differed between N-limited and P-limited sites, then the total species richness would be expected to differ, which is not the case (Fig. 1a, b) . The second explanation must also be discarded because in the Netherlands and Belgium (where N deposition is high) N-limited ecosystems with low productivity are more common than P-limited ecosystems (Fig. 2b) . The third explanation seems the most plausible, because in western Europe various human impacts have enhanced P-availability in wet and moist ecosystems. Increased groundwater extraction for drinking water and industry have diminished the discharge of calcium-and iron-rich groundwater into wetlands and consequently this has reduced the binding of P 17, 18 . Together with this effect, P-enrichment of surface waters 19 and internal eutrophication (through for instance increased drying-wetting dynamics 20 or sulphate pollution 21 ) of the soil have also contributed to enhanced P-availability. On a global scale, it has been estimated that human intervention in the biogeochemical P cycle has increased the magnitude of P fluxes by 400%, which is far more than for carbon, nitrogen and sulphur 22 . We conclude that, in spite of severely enhanced atmospheric N-deposition in Western Europe 4 , P-enrichment has been more important than N-enrichment for species loss from wet and moist herbaceous ecosystems. P-enrichment may have caused productivity increase and species loss through competitive exclusion, or a shift from P-to N-limitation, to the disadvantage of species adapted to low P availability. In a discussion of whether species richness can ever be raised by nutrient addition, Güsewell and colleagues 16 suggested that addition of P may increase the total , that is, the biomass range where endangered species occur (b). Preference of species a for example, P-limitation means that species a occurred only at P-limited sites or it occurred at least three times more often at P-limited sites than at sites limited by another nutrient (N, N/P or K). Species not showing preference according to this definition were labelled as no preference. In b, the observed distributions all differ significantly from an equal frequency distribution among the various types of nutrient limitation (x 2 test; two asterisks indicates P , 0.001). In a, we tested whether the observed distribution of endangered species among N-, N/P-, P-and K-limited sites differs significantly from the frequency patterns shown in b (that is, distributions that could be expected on the basis of frequency of occurrence of N-, N/P-, P-and K-limited sites assuming endangered species had equal probabilities for occurring on N-, N/P-, P-and K-limited sites (P ¼ 0.25)). For the Polish and Dutch/Belgian sites, the observed distribution differs significantly from expected distributions, for the Siberian sites it does not (x 2 test; one asterisk indicates P , 0.05; two asterisks indicate P , 0.001).
species richness of P-limited wetlands, but the authors warned that this would tend to promote common species at the expense of rare ones. Our result fully supports their expectation; regardless of patterns in total species richness, both the absolute number and the proportion of endangered species in the vegetation appeared to be greatest in P-limited wetlands.
Our findings suggest that P-limitation in terrestrial systems may be more widespread than generally acknowledged 23 , and imply that the conservation of endangered species requires the preservation and restoration of P-limited ecosystems. Conservation managers often attempt to enhance the plant species diversity of an ecosystem by reducing its nutrient capital, and thereby its productivity. Although these attempts are sometimes successful 24 , productivity reduction often does not lead to an increase in species richness 25, 26 because conditions of P-limitation are not restored. For example, re-establishment of endangered species on former agricultural fields generally fails 27 because of the large P-pool accumulated in the soil over decades of fertilization 28 . In general, policies biased towards reducing nitrogen enrichment (for example, the European Union Directive on Nitrate) are unlikely to provide adequate protection for the majority of endangered species in herbaceous ecosystems. A multivariate consideration of anthropogenic impacts on the water cycle, the biogeochemical cycles (of C, N, P and S) and soil acidity is needed. This requires a systems approach 22 that includes the assessment of the effect of changes in ecological stoichiometry on biodiversity.
METHODS
Sampling protocol. We sampled 150 plots as described in ref. 15 . In 2001, 2002 and 2003 we sampled 124 additional plots of 10 m 2 following the same method. The data set contains terrestrial wetlands (for example, river marginal floodplains and marshes, wet grasslands, fens, bogs and fen meadows) as well as moist grasslands. Within each plot we randomly sampled a subplot of 0.16 m 2 of which we harvested above-ground standing crop at the height of the growing season (July). We separated mosses and vascular plants and determined dry weight and contents of N, P and K in plant material (Kjeldahl destruction). We used dry weight of above-ground biomass of vascular plants as an estimate of primary production (see refs 15 and 29) . Determining the type of nutrient limitation. To determine the type of nutrient limitation we used a method based on critical values of N:P, N:K and K:P ratios in above-ground plant material derived from literature reviews of fertilization experiments 14, 15 . N-and P-limited sites were distinguished on the basis of N:P ratios with N:P ratios .16 indicating P-limitation, N:P ratios ,13.5 indicating N-limitation, and between 13.5 and 16 indicating N/P co-limitation 14 . This N/P co-limitation should be interpreted as true co-limitation by N and P together, or at least as no clear single limitation by N or P. For distinguishing K (co)-limited samples we used the critical N:K ratio of 2.1 and the critical K:P ratio of 3.4 (ref. 15) . Only 11 sites were K (co)-limited (see Supplementary Table 1 ). These sites are excluded from Fig. 1 .
The data set presented here includes different types of herbaceous vegetation, some herb-rich and others dominated by grasses. As grasses might have intrinsically higher N:P ratios than herbs 14 , differences in dominance of these plant groups could have affected average N:P ratios of a site. To evaluate whether dominance by either grasses or herbs has an influence on N:P ratios and the occurrence of endangered species we divided the data into three parts: (1) sites in which grasses accounted for more than half of the plant cover; (2) sites in which herbs accounted for more than half of the plant cover, and (3) sites in which neither grasses nor herbs accounted for more than half of the plant cover (excluding the 11 K-limited sites; n ¼ 263). We tested whether N:P ratios differed significantly among these three groups (Tukey test after one-way analysis of variance, ANOVA). The majority of sites was neither dominated by grasses nor by herbs and only 9% of the sites in the biomass range where endangered species occur (,600 g m
22
) were dominated by grasses (see Supplementary Table 2 ). The grass:herb ratio does affect N:P ratio, with grassdominated sites having a significantly lower N:P ratio. However, in the subset where endangered species occur the N:P ratio of the sites dominated by grasses did not differ significantly from that of the sites dominated by herbs. Additional information and discussion concerning the method for assessing nutrient limitation by means of N:P ratios is given in the Supplementary Discussion. Plant species. We analysed the similarity between the list of species recorded by us in Poland and Russia and the Dutch flora. Eighty seven percent of the species of the Polish sites, and 75% of the species of the west Siberian sites belong to the Dutch flora. From the Red List of endangered species of the Netherlands 13 , we only used 'actually threatened species', that is, species that have disappeared in at least 25% of the map units (1 unit is 25 km 2 ) between 1970 and 1990. The majority of the endangered species of the Netherlands also occur on red lists of other western and central European countries; that is, 100%, 80%, 71%, 67%, 63% and 27% of the species observed by us which are on the Dutch Red List (see Supplementary Table 1 ) also occur on the Red Lists of Flanders, Germany, Czech Republic, Switzerland, Luxembourg and Poland, respectively. Other factors affecting diversity-productivity patterns. Species diversity in the data set is affected by stress factors such as acidity and inundation which operate through sizes of regional species pools 30 (see Supplementary Fig. 2 ). However, these factors cannot explain our main result, more endangered species at P-limited sites. The type of nutrient limitation was not related to acidity, and apart from some sites (riparian marshes deeply flooded in spring) nor to the maximum inundation depth. Other stress factors like salinity and drought stress did not play a role in our data set.
